Metal-enhanced fluorescence (MEF) is useful in single molecule detection (SMD) by increasing the photostability, brightness and increase in radiative decay rates of fluorophores. We have investigated MEF from an individual fluorophore tethered to a single silver nanoparticle and also a single fluorophore between a silver dimer. The fluorescence lifetime results revealed a near-field interaction mechanism of fluorophore with the metal particle. Finitedifference time-domain (FDTD) calculations were employed to study the distribution of electric field near the metal monomer and dimer. The coupling effect of metal particles on the fluorescence enhancement was studied. We have also investigated the photophysics of FRET near metal nanoparticles and our preliminary results suggest an enhanced FRET efficiency in the presence of a metal nanoparticle. In total, our results demonstrate improved detectability at the single molecule level for a variety of fluorophores and quantum dots in proximity to the silver nanoparticles due to the nearfield metal-fluorophore interactions
INTRODUCTION
The fluorescence enhancement of a fluorophore near a metal particle is known to cause by a near-field interaction of fluorophore with a metal plasmon resonance [1] [2] [3] [4] . The metal plasmon resonance can be described as arising from the collective oscillations of a group of electrons that migrate freely on the surface of metal particle ( Figure 1 ) [5] [6] [7] [8] . This energy resonance expresses as absorbance, excitation, and scattering when the metal particle is in the sub-wavelength size. The wavelength of metal plasmon resonance is principally dependent on the metal core factor including metal specie, core size, and core shape [9, 10] . The core of metal particle can be prepared to compose of different noble metals including gold, silver, platinum, palladium, and copper, etc, or alloy [10] [11] [12] . The size of metal core can be controlled in a range of one -hundreds nm upon the experiment conditions in the preparation [3] . The metal particles can be made in different shapes of sphere, rod, wire, shell, triangle, prism, and tetrapod, etc [13] [14] [15] . The metal particles are stabilized with organic monolayers or inorganic thin layers coated on their metal cores. The radiating energy from the fluorophore * lakowicz@cfs.umbi.umd.edu; phone 1 410 706-8408; fax 1 410 7065-8409.
is dramatically altered through coupling with the metal plasmon resonance to cause a change of the emission property. This concept is defined as Radiative Decay Engineering (RDE) [16, 17] . An local electric field is believed to concentrate around the metal particle when it is exposed to incident light [18] [19] [20] [21] [22] [23] [24] [25] . Actually, the metal particles are typically large enough to accurately apply this classic electric field theory, so the local electric field can be estimated theoretically by discrete dipole approximation (DDA) mode [18, 19] . Accordingly, a large metal particle corresponds to a more insensitive electric field nearby. According to Schatz and our recent result, the electric field in the space between the coupled metal particles is more intense than that of individual metal particles due to the field coupling [23] [24] [25] .
During the past several years, some calculation techniques, such as Finite-Difference Time-Domain (FDTD) method, have been developed to study the electric field near the metal particle [26] [27] [28] [29] [30] [31] [32] . The FDTD technique is an implementation of Maxwells's time-dependent curl equations for solving the temporal variation of electromagnetic waves within a finite space that contains a target of arbitrary shape, and has recently become the start-of-the-art method for solving Maxwell's equations for complex geometries. Since FDTD is a direct time and space solution, it offers a unique insight into all types of issues in electric and photonic. Furthermore, FDTD can also be used to obtain the frequency solution by exploiting Fourier transforms, thus a full range of useful quantities in addition to fields around particles can be calculated, such as the complex Poynting vector and the transmission / reflection of light. In the FDTD technique, Maxwell's curl equations are discretized by using finite-difference approximations in both time and space that are easy to program and are accurate. In order to achieve high accuracy for realizing the spatial derivatives involved, the algorithm positions the components of the electric field about a unit cell of the lattice that constitutes the FDTD computational domain. The electric field near a metal particle can be described well by FDTD calculations. Compared with the free-space emission of the excited fluorophore, the photophysical properties of fluorophore on the metal particle can be interpreted by a modified Jablonski diagram ( Figure 2 ) [16, 17] . The fluorophore-induced plasmons can radiate to the far-field and create observable emission. The usefulness of an increase in the radiative decay rate can be understood by considering the definitions of the quantum yield (Q 0 ) and the lifetimes (τ 0 ). The lifetime and quantum yield (Q 0 ) of a fluorophore in the free state can be given by Equations 1 and 2,
In classical fluorescence experiments, the change in quantum yield or lifetime is due to the change in the non-radiative decay rate (k nr ), which results from the change in environment of a fluorophore, quenching, or FRET. The values of Q 0 and τ 0 can both increase or both decrease, but do not change in the opposite direction. Unique spectral changes are possible for fluorophores near metal particles or surfaces. Suppose this radiative decay rate near the metal is increased and is given by Γ + Γ m , when Γ m is the additional rate due to the metal substrate, the quantum yield Q m and lifetime τ m of the fluorophores near the metal substrate thus become
The metal-induced change to Γ + Γ m results in unusual effects, the quantum yield increases and the lifetime decreases, which is different from the change in k nr where both Q and τ change in the same direction. A decrease in lifetime has several favorable consequences. Fluorophores can become more photostable because they spend less time in the excited state where the photochemistry occurs. Hence a fluorophore can undergo more excitation and emission cycles prior to photobleaching. The maximum emission rate of a fluorophore is approximately equal to the inverse of the lifetime. Hence, a fluorophore with a shorter lifetime will be less prone to optical saturation and have higher maximum emission rates. These changes result in an increasing detectability of single or multiple fluorophores. The interactions of fluorophores with metal particles have been studied in the 1970s and 1980s [33, 35] . However, the practical usefulness of these interactions has only recently been recognized. It provides a fundamental approach to develop the metal particle associated imaging agents with brighter signal, short lifetime, and more photostable for this proposal.
Mie theory is an alternative tool to describe the interaction of fluorophore with metal particle. According to Mie theory, the extinction coefficient of metal particles is due to both light absorption and light scattering [36] [37] [38] . The absorption component C A represents the cross-section due to absorption. The scattering component C S represents the ability of a metal particle to be an oscillating dipole that radiates light and propagates to far-field. The extinction cross-section CE is given by C E = C A + C S . To an approximation, these spectra can be used to predict the effect of a nearby particle on a fluorophore. If a fluorophore interacts with the absorption component C A , it will result in the metal plasmons. The scattering component C S allows the fluorophore-induced plasmons to radiate to far-field showing as fluorescence. The lifetime of fluorophore-metal particle complex is decreased because of high extinction coefficient. We also discuss the dependence of fluorescence enhancement on the size of metal particle [17] . The extinction properties of metal particles with the sub-wavelength sizes can be expressed by a combination of both absorption (C A ) and scattering (C S ) factors,
where k 1 = 2πν1 / λ 0 is the wavevector of the incident light in medium 1 and α is the polarizability of the sphere of radius r,
and ε m is the complex dielectric constant of metal. The first term represents the cross section due to absorption and the second term represents the cross section due to scattering. According to our recent approach, we expect C A to cause quenching and C S to cause enhancement. The quenching term increases as the r 3 factor, and the enhancement term increases as the r 6 factor. Hence, a small particle can quench fluorescence because the absorption dominates over the scattering. Conversely, a large particle can enhance fluorescence because the scattering component is the dominant factor. This result is partially in accordance with FDTD calculations, but cannot be used to explain why the enhancement efficiency decreases significantly after the intermediate size of metal particle as the observation in our experiment. It means the theory we give in this proposal is not perfect. However, we note that it is valuable to use both Mie theory and FDTD calculations for completeness. Mie theory can only be practically used with spherical geometry to predict the local fields directly on the metal surface. In contrast, FDTD calculations can be used to predict the local electric fields of metal particles with any shape and at all distances from the metal cores.
On the basis of above theoretical description and simulation, we have designed single molecule fluorescence measurements near the metal nanoparticle. All experiments were achieved using scanning confocal microscopy. The results were achieved and reviews as following.
RESULTS AND DISCUSSION

2-1. Synthesis of metal particle and functionalization
We have extensive experiences on synthesis, functionalized, and characterization of metal particles (Figure 3 ), which are composed of different metal cores, core sizes, and shapes [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . These metal particles were coated with organic monolayers (citrate, amine, or thiolate, etc). In which, the thiolate monolayers were mostly employed due to their chemical stability in solution. They were dispersed in organic solvent and /or water solution principally depending on the polarity of coating layers. These metal particles were found to display their metal plasmon resonance principally metal particles can be bound definitely by the fluorophores and biological functionalities (e.g. DNA or peptide) as required in the experiments.
We also synthesized the metal particles that were immobilized on the glass substrate by chemical [16, 17] or vapor deposition method [52, 53] , so called silver islands. These silver islands are used widely in our single molecule studies.
2-2.
Metal-enhanced fluorescence (MEF) on monomer or dimer metal particle.
The emission intensity was observed to enhance efficiently up to 10 -100 times when localizing the fluorophores near the metal particle with an optimal distance from the metal surface [54] . We studied the dependence of single molecule fluorescence on the size of nearby metal particle. The silver particles were synthesized with average diameters of the metal cores 5, 20, 50, 70, and 100 nm, respectively. A single-stranded oligonucleotide was chemically bound to a single silver particle and a Cy5-labeled complementary single-stranded oligonucleotide was hybridized with the particle-bound oligonucleotide ( Figure 4) . The space between the fluorophore and metal core was separated by a rigid hybridized DNA Intensity(counts/ms) duplex of 8 nm length. The single fluorescence images and intensity traces were recorded by scanning confocal microscopy. The single fluorophore-labeled 50 nm silver particles were observed to display the most enhanced intensity of 17-fold increase relative to the free fluorophores in the absence of metal. Numerical simulations by FDTD calculation and results from Mie theory were used to compare with the experimental results ( Figure 5 ). The 50 nm silver particles were also labeled by multiple fluorophores/per particle. The fluorescence intensity of multiple fluorophore-labeled metal particle increases dramatically with the loading number and reached 400-fold relative to the free single fluorophore when the loading number was 50. The fluorophores bound on the metal particle also displayed better photostability than the free fluorophore. The lifetime of bound fluorophore was shortened with increasing the core size of metal particle from 5 to 50 nm. We also prepared the 20 nm silver particle dimers with single Cy5 molecules localized between coupled metal particles to discuss the coupling effect of metal particle on the fluorescence enhancement ( Figure 4 ) [55] . In this case, the dimers were formed by hybridization with double-length single-stranded oligonucleotides that contained single Cy5 molecules.
The image analysis revealed that the single molecule fluorescence was enhanced 7-fold on the metal monomer and 13-fold on the metal dimer relative to the free Cy5-labeled oligonucleotide in the absence of metal. The lifetimes were shortened on the silver monomers and further shortened on the silver dimers, demonstrating the near-field interaction mechanism of fluorophore with the metal substrate. FDTD calculations were employed to study the distribution of electric field near the metal monomer and dimer ( Figure 6 ). The correlation between the emission enhancement and the field density was used to interpret the mechanism. The metal particle affects the intrinsic decay rate of fluorophore. The near-field interaction between the fluorophore and metal particle was reflected by a change of lifetime [16] . The results revealed that the lifetimes of all samples with the metal were shortened significantly relative to that of free Cy5 in the absence of metal, indicating the near-field interactions for all metal particles. The lifetimes of fluorophore on the smallest silver particle (5 nm) and largest silver particle (100 nm) were obviously longer than those on the intermediate size of metal particles such as 20, 50, and 70 nm, supporting our theoretical calculations and experimental results that the fluorophore could interact most efficiently with the intermediate size metal particles at an optimized distance from the metal core.
2-3. Enhanced Förster energy transfer near metal particle.
Beside the fluorescence intensity, we found that Förster Resonance Energy Transfer (FRET) could be enhanced significantly when the donor-acceptor pair was localized near the metal particle [56, 57] . This result could be utilized as a ruler to measure the energy transfer distance. In the experiment, a donor-labeled DNA was chemically bound to a single 20 nm silver particle and then an acceptor-labeled DNA was coupled by hybridization ( Figure 7) . The photophysical behavior of FRET between the donor-acceptor pair was studied using single molecule time-resolved spectroscopy. Both the emission intensity and lifetime obtained from the bulk emission measurement and single molecule fluorescence measurement indicated that FRET was enhanced on the metal particle, which resulted in increasing the efficiency and lengthening the distance of energy transfer to 1.4 times. The metal enhanced rate constant for FRET was 21 times faster than free donor-acceptor pair in solution.
The metal-enhanced FRET was also found to depend on the size of metal core. The Förster distance was extended to 1.4 times for the donor-acceptor pair was bound on 20 nm silver particle, 1.6 times on 50 nm silver particle, and 1.7 times on 100 nm silver particle. The enhancement of FRET was dependent on the distance of spacer between the donor-acceptor pair and metal particle. The Förster distance was noted to lengthen from 1.4 Ro to 1.6 Ro when the spacer increased from 2 to 10 nm. The studies included the effect of donor-acceptor distance, silver particle size, and distance from the metal surface. These results will aid in the design of metal particle for using FRET to determine biomolecule proximity at distances beyond the usual Förster distance. This result is in consistence with the simulation by FDTD technology.
2-4. Reduced blinking and long-lasting fluorescence of single fluorophores on silver nanoparticles.
The fluorescence signal of single organic fluorophores was characterized by the random blinking and the irreversible photobleaching [58] [59] . Photoinduced blinking of Cy5 has posed various limitations of this popular near infrared (NIR) probe in biological applications. Here we showed that fluorophore-metal nanoparticles (NP) complexes greatly suppress Cy5 blinking and noticeably reduced photobleaching events. The blinking behaviors of single Cy5 molecules were investigated and compared in the absence and the presence of silver nanoparticles. A power-law distribution of off time population was observed for single Cy5 molecules. Average off times was compared to evaluate the plasmon effect of silver nanoparticles on the triplet decay rates. We furthermore demonstrate that enhanced photostability and brightness in the presence of silver particles. The results show that plasmon-controlled fluorescence can lead to a novel physical mechanism to enhance fluorescence intensity.
2-5. Metal-enhanced fluorescence from quantum dots.
We described the metal-enhanced fluorescence from the CdTe nanocrystals instead of organic fluorophores spin coated on silver island films (SIFs) [60] . CdTe nanocrystals showed 5-fold increase in fluorescence intensity, 3-fold decrease in lifetime, and reduction in blinking on the SIF surfaces that were observed by ensemble and single-molecule fluorescence studies ( Figure 8 ). The single-molecule study also provided further insight on the heterogeneity in the fluorescence enhancement and lifetimes of the CdTe nanocrystals on both glass and SIF surfaces, which was otherwise not possible to observe using ensemble measurements. Methods that increase the total emission per fluorophore would provide increased sensitivity and a wider dynamic range for chemical analysis, medical diagnostics, and in vivo molecular imaging [61] . The use of fluorophore-metal interactions has the potential to dramatically increase the detectability of single fluorophores for bioanalytical monitoring ( Figure 9 ). The fabrication and single-molecule analysis of fluorophore-labeled DNA molecules tethered to silver island films were described in single molecules. Analysis of fluorescence images, intensity profiles, total emitted photons, and lifetime distributions revealed some of sample heterogeneities. Investigations of time-dependent emission characteristics of single molecules indicated that the total number of emitted photons on the silvered surface was more than 10 times greater than on free labeled DNA molecules on a glass substrate. In addition, time-correlated single-photon counting results revealed the reduced lifetimes of single molecules tethered to silver island films. Fig.9 . Left: Schematic illustration of DNA immobilization process in our experiments. The Cy5-labeled oligonucleotide is hybridized to the complementary thiolated oligonucleotide. After incubation, labeled DNA molecules are tethered to silver island nanostructures on a APS-treated glass substrate. Right: Cy5-labeled oligonucleotides were bound to a BSA-biotin/Avidin multilayer deposited on silver island film.
We also investigated fluorescence enhancements and lifetime reductions of Cy5 probe molecules at various distances from the deposited silver island film surface using single molecule spectroscopic methods [62] . The proximity of fluorophore molecules to the surface was controlled by alternating layers of biotinylated bovine serum albumin (BSAbiotin) and avidin, followed by binding of Cy5-labeled oligonucleotides to the top of a BSA-biotin layer structure ( Figure 9 ). We observed dramatically varied brightness of fluorophores with distances from metal structures as well with reduced blinking in the presence of silver island films. In addition, distributions of fluorescence lifetimes and apparent emission intensities from individual molecules indicate an inhomogeneous nature of local matrix surface near metallic nanostructures. These studies illustrate the exclusive information that is otherwise hidden in ensemble measurements.
CONCLUSION
In this paper, we review our recent results on the photophysical properties, e.g. intensity, lifetime, photostability, photoblinking, as well as FRET, of single fluorophore near the metal particles. It is found that these properties are dependent on the metal particle size, fluorophore and its excitation and emission wavelengths, distance from fluorophore to surface of metal particle, etc. FDTD calculation and a model developed from Mie theory were used to understand the experimental results. These results can aid us to develop novel fluorescence detection technology for clinical diagnostics and bioassay.
